mtDNA haplotypes of representatives of the cosmopolitan peoples of north-central Mexico were studied. Two hundred twenty-three samples from individuals residing in vicinities of two localities in north-central Mexico were analyzed. A combination of strategies was employed to identify the origin of each haplotype, including length variation analysis of the COII and tRNA LYS intergenic region, nucleotide sequence analysis of control region hypervariable segment 1, and RFLP analysis of PCR products spanning diagnostic sites. Analysis of these data revealed that the majority of the mtDNA haplotypes were of Native American origin, belonging to one of four primary Native American haplogroups. Others were of European or African origin, and the frequency of African haplotypes was equivalent to that of haplotypes of European derivation. These results provide diagnostic, discrete character, molecular genetic evidence that, together with results of previous studies of classical genetic systems, is informative with regard to both the magnitude of African admixture and the relative maternal contribution of African, European, and Native American peoples to the genetic heritage of Mexico. Phylogenetic analysis revealed that African sequences formed a basal, paraphyletic group.
Introduction
According to widespread popular belief, the present day peoples of Mexico are, by and large, descendants of Native American and European (Spanish) ancestors. Historical accounts also document African slavery in Mexico during the 16th-18th centuries (Beltrá n 1944). Although records from this period are incomplete, estimates of the number of African slaves brought to Mexico are in the range of 200,000-500,000 (Beltrá n 1944; Curtin 1969; Muhammad 1995) . The actual number may be higher, since many slaves were imported illegally, without documentation, and since African ancestry was often not reported for census data (Beltrá n 1944; Tjarks 1978; Muhammad 1995) . The contributions of Africans to the genes and culture of the peoples of Mexico have been largely denied and forgotten in popular culture. Consequently, these Africans have been culturally and genetically assimilated to a greater extent than has been the case in other regions of the Americas.
Various classical genetic systems (blood groups, blood enzymes, and blood proteins) have been used to estimate the genetic composition of the peoples inhabiting Mexico (Crawford et al. 1974 (Crawford et al. , 1976 Schanfield et al. 1978; Tiburcio et al. 1978; Lisker et al. , 1988 Lisker et al. , 1990 Lisker et al. , 1994 Lisker et al. , 1995 . Such studies have found that Native Americans provide the largest ancestral contribution to the contemporary peoples of Mexico. Studies assuming a trihybrid model have estimated various frequencies of African and European admixture with Native American populations. In general, estimates of European gene frequencies were greater than those of African gene frequencies, when African gene frequencies were considered. Recently, Lisker et al. (1996) compiled admixture estimates, using data derived from classical genetic systems reported in previous studies in Mexico (Crawford et al. 1974 (Crawford et al. , 1976 Tiburcio et al. 1978; Lisker et al. , 1988 Lisker et al. , 1990 Lisker et al. , 1995 Cerda-Flores and Garza-Chapa 1989) . African or European admixture was identified in all regions and groups analyzed (Lisker et al. 1996) . Even relatively isolated Native American populations showed some degree of African or European admixture when classical genetic systems were used with the trihybrid model (Lisker et al. 1996) .
Previous studies of mtDNA variation in Mexico have focused on geographically and culturally isolated Native American populations, to avoid admixture (Schurr et al. 1990; Torroni et al. 1994a ). That approach is useful for recovery of the history of the peopling of the Americas, but it does not provide information regarding ancestry of the general, cosmopolitan (relatively recent admixture of indigenous peoples with peoples of diverse geographic origins) population. We assessed mtDNA haplotypes among the general cosmopolitan population, to provide information regarding both Mexican history and prehistory.
Most Native Americans share common mtDNA mutations that define four primary haplogroups (A, B, C, and D), reflecting descent from Asian colonization of the New World (Schurr et al. 1990; Ward et al. 1991; Horai et al. 1993; Torroni et al. 1993) . The majority of mtDNA haplotypes of European origin are members of one of seven European haplogroups (H, I, J, K, T, V, and W) or two haplogroups (U and X) that Europeans share with Africans or a small number of Pacific Northwest Native Americans, respectively (Torroni 1994b (Torroni , 1998 Forster et al. 1996; Richards et al. 1996) . The mtDNA haplotypes of the majority of individuals of African ancestry are members of either macrohaplogroup L or haplogroup L3 (Chen et al. 1995; Watson et al. 1997) . Various mtDNA screening methods may be used to identify these haplogroups, and thus the geographic region of origin of individual haplotypes may be determined in cosmopolitan populations. Here, we provide analysis of these diagnostic, discrete character, molecular genetic markers, to help reveal affinities of the cosmopolitan peoples of north-central Mexico.
Subjects and Methods

Sample Collection and Preparation
Two hundred twenty-three samples of blood, hair, or placenta were collected, with informed consent, from the vicinities of Juá rez ( ) and Ojinaga ( ), Chin = 123 n = 100 huahua, in north-central Mexico ( fig. 1 ). All individuals were of Mexican origin and resided in the vicinity of collection.
Extraction of DNA from whole blood was accomplished by a Super Quick-Gene DNA isolation kit (Analytical Genetic Testing Center), according to the supplier's protocol. Extraction of DNA from placenta samples followed the method of Hillis and Davis (1986) . DNA extraction from hair was accomplished by techniques described by Higuchi et al. (1988) .
PCR, Restriction Digestion, and DNA Sequencing
Amplification of target gene regions was accomplished by standard PCR methods, with primers listed in table 1. Restriction enzymes were obtained from Amersham, and PCR products were digested according to the protocol of the manufacturer. Sequencing templates were isolated in low melting temperature agarose and were purified with Promega's Wizard PCR Prep system. Templates were then sequenced with an Applied Biosystems Prism 377 DNA sequencer, with primers listed in table 1.
Haplotype Analysis
A combination of strategies was used to determine the geographic region of origin for individual haplotypes. Length variation analysis included both screening for the 9-bp deletion and RFLP analysis, to identify known diagnostic Native American, European, and African markers (table 1) . A HaeIII site at nucleotide position (np) 16517 was used to confirm independent acquisition of the 9-bp deletion in a subset of haplogroup A samples. The HaeIII site is associated with haplogroup B and is dimorphic in other Native American haplogroups (Torroni et al. 1994a) . Samples were screened for other European haplogroups (T, I, and J), which are characterized by control region hypervariable segment 1 (HV1) polymorphisms (Torroni et al. , 1998 . Restriction sites that define other haplogroups were not analyzed. Haplotypes with the presence of the HpaI site at np 3592, and with the presence of a G at np 16390, were presumed to be members of African haplogroup L1. Identification of African haplogroup L2 was established by the presence of an A at np 16390 (Chen et al. 1995) . The presence or absence of this character state was determined by nucleotide sequence analysis. Control region HV1 sequences were obtained for 87 individuals. These sequences were compared with published African sequences, to aid in identification of African haplogroups L1, L2, and L3 (Watson et al. 1997) .
Phylogenetic Analysis
Phylogenetic analysis of the 87 HV1 sequences was performed with PAUP, version 4.0 (Swofford 1998) . A 347-bp region between np 16023 and np 16370 was analyzed. Sequences were aligned with the human reference sequence (Anderson et al. 1981) . Maximum parsimony trees were generated through the simple addition 
Published sequence comparison Not included a Identified by use of HV1 PCR and sequencing primers L15988 (5 -TCTTTAACTCCACCATTAGCA-3 ), H16425 (5 -GATATTGATTTCACGGAGGAT-3 ), and internal sequencing primer L16123 (5 -CTGCCAGCCACCATGAATAT-3 ).
b Used for length variation analyses. 108 (87.7%) 9 (7.3%) 5 (4.1%) 1 (!1.0%) Total ( ) n = 223 199 (89.1%) 12 (5.4%) 10 (4.5%) 2 (!.1%) of sequences, by use of the tree-bisection and reconnection branch-swapping algorithm of PAUP. A total of 2,000 most parsimonious trees were saved, and a 50% majority rule consensus tree was produced. Neandertal sequence (Krings et al. 1997 ) was used as outgroup. This procedure was repeated multiple times.
Results
Native American, European, or African haplotypes were identified in 221 of 223 individuals (table 2). Two of the 223 samples were not identified by the methods employed. One hundred ninety-nine (89.2%) of the 223 samples were Native American haplotypes. The remaining 22 identified samples were equivalently divided between European and African; 12 (5.4%) were identified as European, and 10 (4.5%) were identified as African. The frequencies of Native American haplotypes identified in samples collected from the two localities were not substantially different (table 2) . A greater frequency of European haplotypes was observed in Juá rez samples (7.3%) than in Ojinaga samples (3.0%). The frequency of African haplotypes was greater in Ojinaga samples (5.0%) than in Juá rez samples (4.1%).
Native American Haplotypes
Of the 223 samples studied, 199 had length variation markers diagnostic for one of the four primary Native American haplogroups: 75 (33.6%) were identified as haplogroup A; 59 (26.5%) had the 9-bp deletion, which has traditionally been used to identify haplogroup B; 52 (23.3%) were members of haplogroup C; and only 13 (5.8%) were haplogroup D. Native American haplogroup A occurred at the highest frequency, and haplogroup D occurred at the lowest frequency. This is consistent with Native American mtDNA studies in Central America (Torroni et al. 1994a; Batista et al. 1995) .
Ten of these samples, identified by the presence of the HaeIII site at np 663 as haplogroup A, also possessed the 9-bp deletion. Not 1 of these 10 samples had the HaeIII site at np 16517, which is generally associated with both the deletion and haplogroup B, whereas all haplogroup B samples had the site present. Furthermore, HV1 sequence data were obtained for 7 of these 10 samples and were included in the phylogenetic analysis. The phylogenetic positions of these seven samples were within haplogroup A. These results confirm that the 9-bp deletion has arisen more than once, in two Native American haplogroups. Presence of the deletion in haplogroup A has been reported, in other studies, at low frequencies (Ballinger et al. 1992; Torroni et al. 1993 Torroni et al. , 1994c .
Of the 87 samples for which HV1 nucleotide sequence data were obtained, 63 had haplogroup A-, B-, or C-specific nucleotides at polymorphic positions, and, on the basis of restriction site analysis, one sample was identified as haplogroup D (table 3) . Sixteen samples had Native American haplogroup A-specific nucleotides; Native American haplogroup B-specific nucleotides were present in 32 samples; and haplogroup C-specific nucleotides were present in 14 samples. One haplogroup B sample did not have a C at np 16189, and one haplogroup C sample did not have a C at np 16298; however, these samples were identified as being haplogroup B and haplogroup C, respectively, on the basis of the 9-bp deletion and restriction site analysis. All samples belonging to Native American haplogroups A, B, and C, which we ascertained on the basis of HV1 markers, had corresponding haplogroup restriction site markers. Samples identified as Native American did not have African or European HV1 or restriction site markers.
Non-Native American Haplotypes
Twenty-four samples did not possess Native American mtDNA markers. Twelve of 24 non-Native American samples were identified as European haplotypes (table 4). The European haplogroup H RFLP marker was identified in five samples (C5, O36, P16, D41, and D60). Samples C2 and C25 had diagnostic HV1 markers that characterize European haplogroup K . Samples C80 and D58 were identified as European haplogroup J, on the basis of HV1 markers . Sample D40 had the HV1 marker that characterizes subhaplogroup U6 of haplogroup U (Macaulay et al. 1999) . Samples D33 and O6 were identified as European haplogroup V (Torroni et al. 1998) .
Of 24 non-Native American samples, 10 were identified as African haplotypes (table 4). Six samples (C66, D47, N18, P1, N16, and O2S) had the HpaI site present at np 3592. Three of those samples (P1, N16, and N18) had an A at np 16390 and belong to haplogroup L2, thus suggesting that other samples (C66 and D47) are part of haplogroup L1. Of the 87 samples sequenced, only P1, N16, and N18 had an A at np 16390. Sequence data for sample O2S were not obtained. Samples identified here as haplogroup L1 or haplogroup L2 shared HV1-sequence polymorphisms with many African samples belonging to cluster L1 and cluster L2, respectively, reported by Watson et al. (1997) .
Four samples (C59, O17, C78, and C27) identified as African did not have the African haplogroup L restriction site or an A at np 16390; however, these samples were identical or similar to many published African sequences. Sample C59 had HV1 sequence identical to that of 10 African samples belonging to cluster L3 as reported by Watson et al. (1997) . Of the cluster L3 sequences described by Watson et al. (1997) , 2 were identical to, and 12 were 1 bp different from, sample O17. Sample C78 had HV1 sequence that differed by two nucleotides from five African samples identified as cluster L3, and it shared three of four variable positions (C at np 16172, T at np 16223, and T at np 16320) with 10 African samples (cluster L3) reported by Watson et al. (1997) . Sample C27 shared five of seven variable positions with L3 sequences reported by Watson et al. (1997) .
Samples identified as African did not share definitive HV1 sequence or restriction site polymorphisms with Native American or European samples. Of 10 haplotypes identified as African, 7 shared T's at np 16223 and np 16278; a single African sample had the T only at np 16223. These character states have been associated with haplogroup X in concurrence with a DdeI site loss at np 1715 Torroni et al. 1996) ; however, all African, European, and Native American samples lacked this haplogroup X marker.
Given that only a select number of restriction site markers were analyzed, we were unable to identify the geographic region of origin for samples D42 and Al3. These samples did not have the Native American, European, or African restriction sites or specific HV1 markers screened for here. These two samples differed in sequence by one and two nucleotides, respectively, from HV1 of the European reference sequence (table 4; Anderson et al. 1981) . Both samples shared a T at np 16234; however, this site has not been shown to characterize a specific region of origin.
Phylogenetic Analysis
Phylogenetic analysis produced a 50% majority rule consensus tree generated from 2,000 maximum parsimony trees ( fig. 2) . Tree length was 146 steps, with a consistency index, excluding uninformative characters, of 0.47. Native American haplogroups were primarily monophyletic. Most European sequences formed a paraphyletic group at the base of haplogroup B. The single C4  P14  6032  C30  P20  C67  C42  N11  P15  N64  BB1  BB2  C39  P8  O32  P12  P19  524IV  5292  C31  C62  D30  C33  C53  C73  D16  C64  D20  D52  O39  C8  D27 (continued) haplogroup D sample was the sister to haplogroup A. African sequences formed a basal, paraphyletic group. Native American haplogroup A was monophyletic. Two European haplotype lineages, C2 and C25, originated within the Native American haplogroup B clade. The positions of two others, C5 and D41, were unresolved in relationship to haplogroup B. Samples C2 and C25 had a C at np 16189, which is a definitive HV1 site for haplogroup B. Samples C5 and D41 both had the other haplogroup B definitive site, a C at np 16217. The position of European haplotype D33 was unresolved but was allied with Native American haplogroup C, because of the presence of one definitive HV1 marker, a C at np 16298. Other than these few exceptions, Native American clades were monophyletic and European lineages originated basal to haplogroup B. The phylogenetic position of the two unknown samples, D42 and Al3, was among the European samples. It is likely that these two samples are of European origin; however, further analysis is needed to confirm identity.
Discussion
A low frequency of African haplotypes in northern Mexico might be expected because of possible rare contact with African Americans from the United States. The historical and present African American population of the west Texas-Mexican border region is small, as has been African American emigration to Mexico from the United
States. The discovery of a proportion of African haplotypes roughly equivalent to the proportion of European haplotypes cannot be explained by recent admixture of African Americans from the United States. This is especially the case for the Ojinaga area, which presently is, and historically has been, largely isolated from U.S. African Americans. In the Ojinaga sample set, the frequency of African haplotypes was higher than that of European haplotypes (table 2) . The findings of a basal phylogenetic position and paraphyly of African haplotypes were generally concordant with other studies (e.g., Cann et al. 1987; Vigilant et al. 1991; Nei and Roychoudhury 1993; Chen et al. 1995) . We found that the frequencies of European haplotypes were lower than published estimates of European admixture in Mestizo populations (cosmopolitan communities) found, throughout Mexico, by classical genetic systems (Lisker et al. 1996) . Other estimates ranged from 22.0% in the city of Tlaxcala to 86.3% in Monterrey (Crawford et al. 1974; Cerda-Flores and Garza-Chapa 1989) . European-admixture estimates in our study are likely lower because of the maternal inheritance of mtDNA, as historically more Spanish males than Spanish females colonized Mexico.
The Mexican east coast is known to have greater African admixture, as is evident today in the physical appearance and culture of the populations residing there. This has also been seen in blood group marker studies, with east coast Mestizo communities having African-admixture estimates ranging from 21.7% in Parafso to 40.5% in Tamiahua (Lisker et al. 1996) . By contrast, the rest of Mexico exhibits lower African-admixture estimates, ranging from 0% in Monterrey to 18.1% in Cuanalan (Crawford et al. 1976; Cerda-Flores and Garza-Chapa 1989) . In this context, the low frequency of African mtDNA haplotypes reported here is likely related to disproportionate emigration by male slaves. Prior to the Spanish conquest, Mexico was inhabited largely by peoples who crossed the Bering Land Bridge from Asia at the end of the Pleistocene Epoch. Some historians have estimated that 4-5 million Native Americans inhabited Mexico before the Spanish arrived, and other estimates are as high as 25 million (Mö rner 1967) . The presence of a large proportion of Native American haplotypes in north-central Mexico would be expected, given that a large number of Native Americans inhabited Mexico for thousands of years. A drastic decline in the Native American population occurred following the Spanish settlement of the 1500s (Valdés 1987; Stern 1994) . European diseases caused widespread epidemics, such as smallpox, measles, and typhus, which took a toll on the native population, especially during the late 1500s (Valdés 1987; Stern 1994) . With the Spanish invasion, European genetic lineages increased in frequency, and thus the presence of European mtDNA haplotypes in Mexican populations should be expected.
With the drastic reduction of the Native American population, a large number of African slaves were brought to Mexico during the late 16th and early 17th centuries, to replace native labor (Beltrá n 1944; Palmer 1976; Valdés 1987; Stern 1994) . Importation of African slaves into Mexico by the Spanish during the 16th-18th centuries is documented historically yet was often denied and largely forgotten (Beltrá n 1944; Muhammad 1995) . Records from this period are sketchy at best, since many slaves were brought into the country illegally and since African ancestry was often denied by mulattos in census data (Beltrá n 1944; Tjarks 1978; Muhammad Majority rule consensus tree of 2,000 maximum parsimony trees generated from control region sequence data with a heuristic search with the tree bisection reconnection branch swapping algorithm of PAUP, rooted by using Neandertal as outgroup. Numbers on branches indicate the percentage of 2,000 trees with a depicted clade. This analysis was calculated multiple times, with the same result. Tree length is 146 steps; the consistency index (excluding uninformative characters) is 0.47. Boxes indicate Native American haplogroups. D = Native American haplogroup D; EURO = European haplotypes; AFRI = African haplotypes; and UNKN = unknown haplotypes. Because of high homoplasy, consistent character state changes do not define most major clades, yet this shortest, rooted network provides resolution of clades that is concordant with previous studies that made use of various genetic systems and with results of the restriction site analysis presented in table 1. 1995). It has been estimated that, in Mexico during the late 16th and early 17th centuries, the slave population was both greater than that in any other country in the Americas and larger than the European population of Mexico (Beltrá n 1944; Muhammad 1995) . Denial of African origin improved social status and thereby increased opportunities and privileges (Beltrá n 1945 (Beltrá n , 1970 Muhammad 1995) . The denial and dilution of African ancestry during the past 500 years has deprived the contemporary Mexican peoples of knowledge of a significant portion of their ethnic heritage.
Today, the number of Mexicans with African heritage is not known; however, some suggest that as much as 75% of the modern Mexican population has some African ancestry (Muhammad 1995) . Estimation of African contribution to the genetic heritage of Mexico may now be accomplished through identification of population of origin by use of diagnostic, discrete character, molecular genetic markers. Such analyses will ultimately provide a more accurate understanding of Mexican history and culture.
On the basis of both our results and the historical evidence (Beltrá n 1945; Palmer 1976; Meyer and Sherman 1991) , it appears that a greater proportion of African slaves and European colonizers in Mexico were males rather than females. When paternally inherited genetic markers in the nonrecombining portion of the Y chromosome are studied in the cosmopolitan Mexican peoples, we predict that, compared with maternally inherited markers, a significantly larger proportion will be found to be of African and European origin. When both maternal and paternal markers are studied, and when other regions of Mexico are sampled, a more complete picture of the African contribution to Mexico will be revealed.
